Haploinsufficiency of the transcription co-activator EYA1 causes branchio -oto -renal syndrome, congenital birth defects that account for as many as 2% of profoundly deaf children; however, the underlying cause for its dosage requirement and its specific role in sensory cell development of the inner ear are unknown. Here, an allelic series of Eya1 were generated to study the basis of Eya1 dosage requirements for sensory organ development. Our results show different threshold requirements for the level of Eya1 in different regions of the inner ear. Short and disorganized hair cell sterocilia was observed in wild-type/null heterozygous or hypomorphic/hypomorphic homozygous cochleae. Patterning and gene-marker analyses indicate that in Eya1 hypomorphic/null heterozygous mice, a reduction of Eya1 expression to 21% of normal level causes an absence of cochlear and vestibular sensory formation. Eya1 is initially expressed in the progenitors throughout the epithelium of all six sensory regions, and later on during sensory cell differentiation, its expression becomes restricted to the differentiating hair cells. We provide genetic evidence that Eya1 activity, in a concentration-dependent manner, plays a key role in the regulation of genes known to be important for sensory development. Furthermore, we show that Eya1 co-localizes with Sox2 in the sensory progenitors and both proteins physically interact. Together, our results indicate that Eya1 appears to be upstream of very early events during the sensory organ development, hair cell differentiation and inner-ear patterning. These results also provide a molecular mechanism for understanding how hypomorphic levels of EYA1 cause inner-ear defects in humans.
INTRODUCTION
Haploinsufficiency for human EYA1 causes branchio -otorenal (BOR) or branchio -oto (BO) syndrome, congenital birth defects that account for as many as 2% of profoundly deaf children (1 -3) . These syndromes are transmitted as autosomal-dominant disorders with high but incomplete penetrance and variable expressivity (4, 5) . The otic anomalies in BOR/BO syndrome involve malformation of the outer, middle and inner ears, and hearing loss, which ranges from mild to profound, is conductive, sensorineural, or both (6) . The inner-ear defects include either an absence of cochlea or an undercoiled cochlea, and lacking or abnormal semicircular canals of the vestibular apparatus (5) . Although functional levels of EYA1 are clearly critical for normal development, the molecular basis of EYA1 haploinsufficiency and the effects of varying EYA1 concentration on the development of inner ear sensory regions are unclear.
We previously reported that the Eya1 heterozygotes show a conductive hearing loss similar to BOR syndrome, whereas Eya1 homozygotes show an arrest of inner-ear development at the otocyst stage (7, 8) . The Eya1 gene encodes a transcription co-activator containing a divergent N-terminal activation domain and a conserved C-terminal Eya domain that mediates protein -protein interactions with Sine oculis and Dachshund proteins (9 -11) . During mammalian inner-ear morphogenesis, Eya1 functions upstream of and genetically interacts with Six1, a member of the homeodomain transcription factor Six family that is homologous to the Drosophila Sine oculis (12) . Consistent with this interaction, Six1-deficient mice show defects in the ear similar to that observed in the Eya1 mutants (12) , and haploinsufficiency for the human SIX1 gene also causes BOR syndrome (13) . We previously demonstrated that the mutations of EYA1 or SIX1 identified from BOR patients affect the Eya1 -Six1 interaction (13, 14) , thus providing a potential mechanistic understanding of how the disruption of combinatorial interactions of these transcription factors can lead to specific defects in BOR syndrome. However, the downstream molecular effects of altered Eya1 or Six1 dosage in the inner ear are poorly understood.
In the inner ear, there are six distinct sensory organs: five vestibular organs fundamental for balance and one auditory organ-the organ of Corti, necessary for hearing. Each of these sensory regions is composed of sensory hair cells and their associated nonsensory supporting cells; both arise from a common progenitor (15) . At present, little is known about the molecular mechanisms involved in the specification of this sensory cell lineage. Recent genetic studies have shown that the SOXB1-HMG box transcription factor Sox2 is required for establishing the prosensory domain in the inner ear and may function upstream of Atoh1, which belongs to the basic helix -loop -helix transcription factor family and plays an essential role for hair cell differentiation but not for their initial specification (16 -19) . However, it is unclear whether Eya1 or Six1 plays a role in controlling the specification of sensory progenitors and their differentiation, and the early arrest of inner-ear development in their null mutants precluded genetic evaluation of the specific roles of these genes in the sensory patches (20) .
To dissect out the potential roles of Eya1 in the development of ear sensory epithelia and to determine the effect of Eya1 dosage on these roles, here we report the examination of systematic dosage reduction of Eya1 on the development of sensory organs by generating an allelic series combing the wild-type, hypomorphic (Eya1 bor ) (21) and null (knockout allele, Eya1 2 ) (7) alleles of Eya1. Eya1 mRNA and protein expression levels in Eya1 bor/bor homozygous and Eya1 bor/2 compound heterozygous ears were decreased to 40 and 21% of wild-type levels, respectively. Patterning and gene-marker analyses indicate that some sensory formation occurred in Eya1 bor/bor mutant inner ears but the prosensory domain was not well defined. In contrast, Eya1 bor/2 compound heterozygous inner ears exhibited a complete absence of cochlear and some vestibular sensory formation. These results together with a complete absence of inner-ear sensory formation in Eya1-null mice indicate that Eya1 is essential for establishing sensory epithelia in the inner ear. To determine whether Eya1 plays a specific role during sensory cell development, we have compared the expression of Eya1 with Sox2 domain in the developing sensory epithelia of the inner ear. Co-localization of Eya1 with Sox2 expression in the future organ of Corti suggests that Eya1 plays a role not only in the early development of sensory progenitors but also in the hair cell differentiation. Furthermore, our results show that Eya1 physically interacts with Sox2 protein, and five specific Eya domain mutations identified in affected BOR patients disturbed the Eya1-Sox2 interaction. Finally, we provide genetic evidence that Eya1 induces differences in downstream responses in a dose-dependent manner. These results provide a molecular and developmental mechanism for understanding how hypomorphic levels of EYA1 cause inner-ear defects in humans.
RESULTS

A dosage-dependent role for Eya1 in the sensory epithelium
To characterize the mechanisms underlying EYA1 haploinsufficiency and explore potential involvement of Eya1 dosage in sensory organ development and patterning of the inner ear, we generated an allelic series of Eya1 dose by combing the wildtype, hypomorphic (Eya1 and Eya1 2/2 mice, respectively (the values are the mean and the variation from the mean that were determined from four independent experiments) (Fig. 1) . To reveal the dosage effects of Eya1 protein level on the expressivity of inner-ear phenotype, we first analyzed the inner ears from these mice at E18.5 by paintfilling ( Fig. 2A -G ; Table 1 ). All Eya1 bor/þ mice (n ¼ 15) appeared structurally normal (data not shown). However, a few Eya1 þ/2 heterozygotes showed mild or severe inner-ear defects including malformation of the cochlea, and truncation of the anterior or posterior ampullae and the endolymphatic duct ( Fig. 2B ; Table 1 ). In contrast, inner ears of Eya1 bor/bor homozygotes were more severely affected. The posterior ampullae were absent, and their associated semicircular canals were either absent or truncated in all cases examined (n ¼ 20) (Fig. 2C and D bor/bor mice also exhibited an absence of the anterior ampullae and truncation of their associated canals. In contrast, the lateral cristae and canals were present but also malformed (n ¼ 20). Furthermore, the saccule and utricle were also severely affected ( Fig. 2C and D) , and cochleae were undercoiled, varying from a three-quarter turn (Fig. 2C) to the most basal one-quarter turn ( Fig. 2D ; Table 1 ). Further reduction of Eya1 in Eya1 bor/2 compound heterozygotes resulted in cochlear agenesis with 100% penetrance ( Fig. 2E -G ; Table 1 ). Only one semicircular canal that appeared to be the anterior canal was present (n ¼ 10), and five of 10 mice lacked recognizable saccule ( Fig. 2E and F) and endolymphatic duct/sac (Fig. 2G) . No inner-ear structure forms in Eya1 2/2 embryos (7,8). Next, we examined the sensory regions in the mutant animals at E18.5 by staining with early hair cell differentiation marker MYO7A (22) and scanning electron microscopy (SEM). The vestibular organs that developed in Eya1 bor/bor animals demonstrated a clear reduction of sensory epithelium and hair cells of the utricular and saccular maculae and the cristae when compared with controls (Fig. 2H, I , K and L; Table 2 ). In Eya1 bor/2 animals, the epithelium at the sites where one would normally see the lateral crista and utricular macula was identifiable by its thickened appearance but was largely reduced in size when compared with normal animals (Fig. 2J) .
Human Molecular
Three of five mice (four of 10 ears) showed an extremely small sensory epithelium in the saccule with very few hair cells ( Fig. 2M ; Table 2 ). All other sensory regions were absent in the compound heterozygous animals. In the cochlea, differentiated hair cells with hair bundles were clearly visible in Eya1 bor/þ mice at E18.5 and morphologically indistinguishable from wild-type embryos by staining with an anti-MYO7A antibody (Fig. 3A) and lectin that binds to hair cell stereocilia (Fig. 3D) . Eya1 þ/2 cochleae demonstrated no significant changes in hair cell numbers in each 100 mm in the basal and middle cochlea, respectively, when compared with controls (Table 2 ; data not shown), although occasional extra inner hair cells were observed in the middle region ( Fig. 3B and E) . In contrast, in the apical region, Eya1 þ/2 cochleae had many extra hair cells (nearly two rows of inner hair cells) ( Table 2 ; data not shown). This observation was further confirmed with hair cell counts (Table 2) and by SEM (arrows, Fig. 3H ). To examine whether hair cells in Eya1 þ/2 cochleae differentiated normally, we analyzed Eya1 þ/2 cochleae at P7 and adult stages (6 weeks old) by SEM. Interestingly, the hair cells developed in Eya1 þ/2 cochleae exhibited short and disorganized stereocilia bundles, with outer hair cell bundles missing in some in the middle and apical regions at these stages in all animals examined (n ¼ 6, Fig. 3K ; data not shown). In contrast, Eya1 bor/bor cochleae showed many extra inner and outer hair cells, and the rows of hair cells were very disorganized (Fig. 3C and F) . Hair cell counts from the middle and apical regions of the cochleae demonstrated that Eya1 bor/bor cochleae have significantly more hair cells than controls (Table 2) . SEM confirmed the disorganization of cochlea both in the patterning of the sensory cell rows and, at a single cell level, in the loss of polarity and disorganization of many hair cell stereocilia bundles (Fig. 3I and L) . In the less severe cases in which the cochlea almost reached three-quarter turn, the patterning of the sensory cell rows was less affected in the very basal regions (data not shown) than in the middle and apical regions (Fig. 3I and L) , which showed continuous but irregular rows of hair cells. No evidence of cochlea formation was observed in Eya1 bor/2 mice between E11.5 and P0 by SEM and histological analyses (data not shown). Thus, progressive depletion of Eya1 protein resulted in increasing severity of inner-ear malformations, with a 79% reduction being sufficient to block cochlea formation. A complete aplasia of the cochlear and some vestibular sensory areas in the compound heterozygous together with the observation of no sensory formation in the null inner ears indicate that Eya1 is essential for establishing sensory epithelia in the inner ear. Our results also indicate that Eya1 may have a role in the development or maintenance of the stereocilia bundles.
Eya1 is expressed in sensory precursors
Since it is unclear from these data whether Eya1 plays a direct role in patterning of the hair cells, we examined the expression of Eya1 in the sensory patches and compared its expression with the expression domain of Sox2, an early marker for sensory progenitors in the inner ear and a gene required for sensory cell development. We have recently generated an Eya1 lacZ knockin allele (see Materials and Methods), and X-gal staining of Eya1 lacZ/þ embryos recaptured endogenous Eya1 expression detected by in situ hybridization (data not shown). Thus, these mice provide a sensitive model for assessing Eya1 expression.
X-gal staining for the expression of Eya1 lacZ allele in Eya1 lacZ/þ heterozygotes revealed that Eya1 is expressed in all six sensory regions in the inner ear (Fig. 4) . In the vestibular sensory epithelia, Eya1 is expressed throughout the thickness of the epithelia at E13.5 ( Fig. 4A and B) and showed overlapping pattern with Sox2 ( Fig. 4C ; data not shown; 19). From E15.5, Eya1 expression became progressively restricted to the differentiating hair cells ( Fig. 4D and E), distinct from that of Sox2 expression, which was strongly detected in the supporting cells (data not shown; 19).
In the developing sensory epithelium of the cochlea, cellular commitment and differentiation in the organ of Corti begin in the mid-basal region at about E13.5 and proceed in a wave that progresses towards both the base and the apex. At E13.5, Eya1 expression was observed in a broad group of cells in the less mature apical region throughout the thickness of the 
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Human Molecular Genetics, 2008, Vol. 17, No. 21 epithelium including the site of the future organ of Corti, and overlaps with Sox2 domain (data not shown). In the more mature basal regions, Eya1 is expressed in the future organ of Corti, but its expression extends into the entire epithelium in the great epithelial ridge (GER) (Fig. 4F ). In contrast, Sox2 is expressed strongly in the future organ of Corti and extends weakly into adjacent GER region (Fig. 4G) , which shows overlapping with Eya1 domain. From E14.0, we have observed developmental changes in the pattern of Eya1 expression in the cochlea. Eya1 expression gradually disappeared in the border cells in the GER adjacent to the future organ of Corti (Fig. 4H, L and N) , where the level of Sox2 distribution was gradually increased (Fig. 4M and O) . In contrast, Eya1 expression remained in the epithelial cells of the GER that will give rise to the inner sulcus cells where Sox2 is not expressed (asterisk, Fig. 4H, L and N) . In the developing organ of Corti, double-labeling with both anti-Sox2 and anti-b-gal antibodies confirmed co-localization of Eya1 with Sox2 in the sensory progenitors at the site of future organ of Corti at E14.0 ( Fig. 4I -K ; data not shown). From E16.5, the sensory progenitor cells are differentiating into hair and supporting cells, and Eya1 became abundantly distributed in the differentiating hair cells but almost completely disappeared in the supporting cells (Fig. 4N) . In contrast, Sox2 expression became restricted to the supporting cells at E17.5 ( Fig. 4O) . At postnatal stages, shorter X-gal staining of Eya1 lacZ/þ inner ears revealed that Eya1 expression was most abundant in the hair cells (Fig. 4P ). Eya1 expression in the epithelial cells outside of the GER was also visible on sections (asterisk, Fig. 4O ), whereas its expression in the GER next to the border cells was very faint and became undetectable on sections. Nonetheless, the overlapping and distinct pattern of Eya1 and Sox2 expression suggests that Eya1 may play not only an early role in inner-ear sensory cell specification but also a specific role in sensory hair cell differentiation.
Impaired patterning of precursor cells in the organ of Corti in Eya1
bor/bor mice
To seek an explanation for the morphological defects observed in Eya1 bor/bor mutant mice, we investigated whether Eya1 has a role in specifying or maintaining the sensory progenitors in the cochlea by analyzing the expression of several genes that are known to be important for sensory organ formation. At E14.0, the prosensory domain was well established in Eya1 bor/þ and Eya1 þ/2 cochlea as demonstrated by immunostaining for the expression of the cyclin-dependent kinase inhibitor p27Kip1 ( Fig. 5A and B), an established marker of the prosensory domain in the cochlea (23) . In contrast, the P27Kip1 expression domain in Eya1 bor/bor cochleae appeared to be diffused and not as sharply defined as in controls (Fig. 5C ). This observation was further confirmed with the expression of Sox2 ( Fig. 5D -F) .
Next, we analyzed whether Eya1 dosage affects cell cycle of the sensory progenitors by performing BrdU-labeling at E13.5, 14.0 and 14.5, a time when most hair cells have exited the cell cycle (24 -26) . After the administration of an 8 h pulse of BrdU (three injections), BrdU-positive cells were present throughout the cochlear epithelium (Fig. 5G ), indicating that they are still in the cell cycle. The sensory progenitor cells at the site of the future organ of Corti already became postmitotic at E13.5 -14.5, as seen by the lack of BrdU incorporation in this region (bracket, Fig. 5G ). In Eya1 þ/2 or Eya1 bor/bor cochlear epithelium, the region where p27Kip1 is expressed also lacked BrdU-positive cells ( Fig. 5H and I ), indicating that the sensory progenitors do exit cell cycle and become postmitotic in the mutant cochleae.
At E18.5, p27Kip1 expression becomes restricted to the differentiating supporting cells as well as in the border cell in the GER (Fig. 5J ). Although the cochlea epithelium appears to be thinner in Eya1 þ/2 animals ( Fig. 5K ), the pattern of p27Kip1 expression was not altered. In contrast, Eya1 bor/bor cochleae showed weak and disorganized p27Kip1 expression (Fig. 5L) . Similarly, the expression of Sox2, detected in supporting and border cells in the GER, showed disorganized pattern ( Fig. 5M -P) . These results suggest that Eya1 gene dosage may be critical for defining the prosensory domain in the cochleae by mediating the creation or maintenance of sensory/nonsensory boundaries.
Eya1 gene dosage critically affects Sox2, Otx, Bmp4 and Lfng expressions in the otocyst Since Sox2 is expressed in the otic ectoderm from very early stages, we sought to examine whether Eya1 gene dosage affects Sox2 expression in the otocyst from early stages. Interestingly, Sox2 expression in the otocysts was reduced in Eya1 bor/bor , more reduced in Eya1 bor/2 and very faint in Eya1 2/2 embryos at E9.5 by both whole-mount ( Fig. 6A -D) and section ( Fig. 6E-H ) in situ hybridization, whereas its expression in the neural tube appeared to be near normal in all mutants.
In chick, Sox2 is expressed in the otic placode (27, 28) ; however, the onset of Sox2 expression during mouse inner-ear development has not been examined. To gain better understanding of the relation between Sox2 and Eya1 during early inner-ear development, we analyzed the expression of both genes on adjacent sections from E8.5 to E10.5. Similar to Eya1 (8), Sox2 is expressed stronger in the ventral rim and weaker in the dorsal rim of the otic placode and cup at E8.5-E9.0 ( Fig. 6I -K ). The expression of both genes became restricted to the ventral wall of the ototcyst at E9.5 ( Fig. 6L and M). Co-localization studies confirmed that both Eya1 and Sox2 show overlapping patterns in the otic ectoderm between E8.5 and E10.5 ( Fig. 6N ; data not shown). Together, although we cannot exclude the possibility that the reduction of Sox2 expression is caused by reduced number of cells present in the mutants, our results indicate that Eya1 gene dosage critically affects Sox2 expression from otocyst stage and the different levels of reduction in Sox2 transcripts are presumably in response to a 60 (in Eya1 bor/bor ) to 100% (in Eya1 2/2 ) reduction in Eya1 protein levels. To further explore the effects of Eya1 activity on sensory organ patterning, we analyzed several other genes that are known to be important for sensory organ development. The homeobox genes Otx1 and Otx2 are regionally expressed in the otocyst and their inactivation in mice causes selective loss or malformation of inner-ear sensory organs (29, 30) . Otx1 is expressed in a region destined to form the lateral canal and ampulla, utricle and saccule and cochlea, whereas Otx2 is expressed mostly in the region destined to form the cochlea. Both genes are essential for the morphogenesis of the lateral semicircular canal and ampulla, the saccule and the cochlea. The expression of both genes was detected in Eya1 bor/bor embryos at reduced levels, but was undetectable in Eya1 bor/2 or Eya1 2/2 embryos at around E10.25 and 10.5 by both section and whole-mount in situ hybridization ( Fig. 7A -H) . The bone morphogenetic protein 4 (Bmp4), a member of the Tgfb superfamily, has also been shown to play a role in the early sensory organ development, in interaction with Fgf10 (31, 32) . At E10.5, Bmp4 expression is normally restricted to two areas, which mark the sensory anlagen of the cristae, but was largely diminished in both domains in Eya1 bor/bor otocysts ( Fig. 7I and J). Eya1 bor/2 otocysts showed further reduction of Bmp4 expression, with the dorsal expression domain absent and the lateral domain weakened greatly (Fig. 7K ). In contrast, Bmp4 expression became undetectable in Eya1 2/2 otocysts ( Fig. 7L; 8) . The Notch signaling modulator lunatic fringe (Lfng) is also implicated in the early sensory organ development (33) and is expressed in a broad domain at E10.25 but stronger in the anteroventral domain which corresponds to the neurogenic region (arrowhead, Fig. 7M ) and weaker in the medial region (arrow, Fig. 7M ). Its expression was largely weakened in Eya1 bor/bor embryos ( Fig. 7N ) and was only weakly retained in the anteroventral domain of Eya1 bor/2 otocysts (arrowhead, Fig. 7O ). No expression was observed in Eya1 2/2 embryos (Fig. 7P ). Since we have previously found that in the absence of Eya1, the inner-ear neuorgensis is initiated normally, and the neuronal precursors are able to delaminate from otocyst but fail to form a morphologically detectable ganglion due to abnormal apoptosis from as early as E9.5 (20) , it is possible that the Lfng-expressing cells in Eya1 bor/ 2 ototcyst are neuronal precursors. To further clarify this, we analyzed the expression of Neuord, an early neuronal differentiation marker (34) . Similar to Lfng, a very faint expression of Neurod was observed in the anteroventral domain corresponding to the neurogenic region in Eya1 bor/2 otocyst (data not shown; D. Zou et al., manuscript in preparation), further suggesting that the Lfng-labeling cells in the neurogenic region of Eya1 bor/2 otocysts are likely to be neuronal precursors. Together, our results indicate that Eya1 gene dosage critically affects the expression of otic genes that are known to be important for sensory organ development from early stages, either directly or indirectly. The dramatic responses of these genes to a 60 (in Eya1 bor/bor ) to 79% (in Eya1 bor/2 ) reduction in a transcription factor imply that the spatiotemporal regulation of Eya1 expression in the developing inner ear is critical, tightly regulated and without compensatory mechanisms such as feedback or genetic redundancy.
Eya1 physically interacts with Sox2 protein
Since Eya1 co-localizes with Sox2 in the sensory progenitor cells in the inner ear, we next investigated whether these two proteins physically interact. To test whether Eya1 forms a complex with Sox2, we performed an immunoprecipitation analysis. Cell extracts from the 293 cells transfected with mouse Flag-Eya1 and Sox2 were incubated with Flag-antibody-coupled agarose beads or with anti-Sox2 antibody, recovered by protein A beads, and analyzed on SDS -PAGE followed by western blotting with anti-Sox2 or anti-Flag antibody. As shown in Figure 8A , the Flag -Eya1 was co-immunoprecipitated with Sox2. We then examined whether the point mutations that cause single-amino acid substitutions identified in the conserved Eya1 domain in BOR patients affect Eya1 -Sox2 complex formation (1,14) (Kumar et al., 1998; Azuma et al., 2000). Interestingly, all five single amino acid substitutions of E330K, G393S, S454P, L472R or R514G identified in the conserved domain region resulted in decreased complex formation of Eya1 -Sox2 (Fig. 8) . Similar results were obtained in p19 cells, which endogenously express Sox2 (Fig. 8A) . Thus, our data demonstrated that Eya1 can interact with Sox2 in cultured cells, and five missense mutations identified in patients affected the Eya1 -Sox2 complex formation, providing new insights into the molecular mechanisms of inner-ear defects that occurred in human BOR patients.
DISCUSSION
The Eya1 gene is required for normal development of the inner ear, but the early arrest of inner-ear development at Only one Eya1 bor/2 inner ear had a total of 37 hair cells in the saccule and the others had no hair cells. For the cochlea, inner hair cells (IHCs) and outer hair cells (OHCs) were counted separately for each indicated genotype and were then combined to get total numbers of hair cells (HCs). Counts were expressed in numbers of hair cells per 100 mm from the middle turn of the cochleae to take into account the slightly different lengths that were counted for each cochlea. Counts were also expressed as outer cell versus inner cell ratios (OHC/IHC). For Eya1 þ/2 and Eya1 bor/bor cochleae, hair cells in the middle and apical regions of the cochleae were counted separately. Significant increases in hair cell numbers were observed in the apical regions of Eya1 þ/2 cochleae and in Eya1 bor/bor cochleae. The numbers of the inner hair cells were more increased in the apical region of the cochleae in Eya1 þ/2 animals. Significance was determined by comparing each of the mutant groups with the wild-type animals, using StatView's t-test.
Human
the otocyst stage of Eya1 null embryos has thus far precluded genetic evaluation of the specific role of Eya1 in sensory epithelial histogenesis. Here, we demonstrate that Eya1 acts in a gene dose-sensitive manner to regulate the development of sensory regions and expression of specific sets of sensory genes during inner-ear development. Our studies provide the first direct evidence for the requirement of Eya1 for normal hair cell development.
The role of Eya1 in the generation and specification of sensory patches in the otocyst
The sensory organs of the inner ear are all derived from the otocyst, which forms from the otic placode next to the hindbrain neural tube. It has been proposed that the different sensory epithelia are all derived from a common prosensory region in the ventromedial wall of the otocyst and may be specified by their proximity to the boundaries between different compartments within the otocyst defined by the asymmetric gene expression patterns (29, 35) . Recent studies have implicated several transcription factors, growth factors and Notch signaling in specifying sensory patches in the otocyst (35 -38) . However, the molecular controls for the determination of a common prosensory region and the specification of six different sensory patches are largely unknown. Our studies have shown that Eya1 is expressed in the otic placode before invagination and its expression becomes progressively restricted to the ventral half of the otocyst within which the sensory organs form (Fig. 7) (7) . Thus, Eya1 may play a critical role in a very early event specifying the prosensory area in the ventral wall of the otocyst. In the absence of Eya1, the prosensory progenitor cells may not be specified, thus leading to a complete absence of sensory formation in Eya1 2/2 mutant (Fig. 9) . Consistent with this view, we failed to detect the expression of Lfng and Jag1 in Eya1 2/2 mutant ( Fig. 7 ; and data not shown), whose expression defines the prosensory area in the otocyst. We also failed to detect the expression of other early sensory markers, including Bmp4, Fgf3 and Fgf10 in the sensory patches in Eya1 2/2 otocyst ( Fig. 7;) (7, 8) , further suggesting that the sensory patches are not specified in the absence of Eya1.
The expression pattern of Eya1 between E8.5 and E9.5 is nearly identical to that of Sox2, and Sox2 expression was reduced in Eya1 mutant otic ectoderm (Fig. 6) . Sox2 has been shown to be required for sensory cell development in the inner ear, and it may act after the early sensory 
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specification of prosensory patches, as its expression was downregulated in Jag1 conditional mutants (19, 39) . However, the specific role of Sox2 during inner-ear development remains unclear, as its expression is broader and precedes Jag1. If prosensory progenitor cells are not specified in Eya1 2/2 embryos, why do we still detect Sox2 expression in the ventral region? One likely explanation is that both Eya1 and Sox2 are required to specify a subset of epithelial cells in the ventral wall of otocyst to acquire a prosensory cell fate, and the Sox2-expressing cells present in Eya1 2/2 ototcysts are uncommitted epithelial cells.
Sox2 is expressed in at least three types of stem cells, neural stem cells, embryonic stem cells and trophoblast stem cells, and mounting evidence has shown that it is a key regulator in the maintenance of progenitor cell identity but not in their differentiated derivatives (40 -43) . However, it is unknown whether Sox2 interacts with other genetic pathways implicated in this process, and if so, how. In addition, it is unclear whether Sox2 is a key regulator for specification and maintenance of this stem cell type and function in sensory patch regeneration in mammalian inner ear. Recently, it has been shown that ablation of Sox2 expression from neural progenitors inhibits their proliferation and differentiation (42) . We have previously shown that Eya1 regulates otic epithelial cell proliferation and survival (7, 8) . We also have shown that in the absence of Eya1, the generic neural differentiation program in the cranial neurogenic placodes is not initiated (20) . Eya1 and Six4 are expressed very early in the preplacodal domain and are involved in otic placode specification, whereas Six1 is expressed in the invaginating otic placode at around E8.75 (8, 12) . It is possible that Eya1 functions in parallel to Sox2 in the generation of progenitor cells in the otocyst. Consistent with this view, we found that Eya1 and Sox2 form a complex in cultured 293 cells, which do not endogenously 
The role of Eya1 in hair cell development
The cochlea develops from the ventral otocyst as the cochlear duct from around E11 and at around E12.5; the floor of the cochlear duct will give rise to three distinct regions-the organ of Corti and the inner and outer sulci (Fig. 9) . Hair cell development begins in the vestibular system around E12.5 and in the cochlea around E13.5 (24, 25) . After the prosensory patches are specified, the progenitor cells become postmitotic and are comprised of uncommitted hair and supporting cells (15,19,24 -26,44) . Subsequently during development, a subpopulation of the progenitor cells in each patch is selected to develop as hair cells. To date, however, how exactly the sensory cell lineage is specified and how the hair cell fate is determined are poorly understood. Sox2 is required for the specification of sensory cell lineage, whereas Atoh1 has been shown to be a key regulator for hair cell development. Deletion of Atoh1 leads to a complete loss of hair cells, whereas overexpression of Atoh1 is sufficient to induce hair cell formation in the nonsensory cells in the GER in embryonic, postnatal and adult inner ears (45 -47) . However, the onset of Atoh1 expression during sensory cell development and its specific role remain dispute. In addition, how Atoh1 expression is activated and the molecular genetic pathways regulating hair cell development are essentially unknown. In this study, we carefully assessed the spatial expression of Eya1, using the sensitive X-gal staining for the newly generated Eya1 lacZ allele during sensory cell development, and its relation with Sox2 expression. The differential changes in its distribution associated with hair cell differentiation suggest that Eya1 may have multiple roles: an early role in which Eya1 specifies or maintains the sensory organ; a second role in which Eya1 regulates hair cell differentiation; a later one in which it plays a role in hair cell patterning by mediating the creation or maintenance of sensory/nonsensory boundaries in the inner ear. In addition, possible together with Sox2, Eya1 may regulate cell-cycle exit of future hair cells before the initiation of Atoh1 expression in these cells (Fig. 9) .
In the cochlea, Eya1 is initially expressed throughout the thickness of sensory epithelia and overlaps with Sox2 domain in the prosensory progenitors (Fig. 9) . However, Eya1 expression domain is much broader than Sox2 and extends into the epithelial cells in the GER and the cells outside of the GER, which normally give rise to inner sulcus cells. During sensory cell differentiation, Eya1 expression becomes progressively restricted to the hair cells but gradually disappears in the border cells in the GER and in the supporting cells where Sox2 is expressed. The overlap and distinct pattern of Eya1 and Sox2 distributions during sensory cell development suggests several possibilities of their actions in regulating hair cell development. First, Eya1 probably acts together with Sox2 in specifying the sensory cell lineage. Once the sensory progenitors are specified, both Eya1 and Sox2 are involved in the initial selection of hair cell fate by activating Atoh1 expression. Indeed, we found that Eya1 and Sox2 physically interact.
After postmitotic cells initiated hair cell differentiation by expressing Atoh1, Eya1 but not Sox2 is required to both maintain Atoh1 expression and act together with Atoh1 to regulate hair cell differentiation. Consistent with this view, we found that abundant Eya1 expression becomes progressively restricted to differentiating hair cells (Fig. 4) . Interestingly, in addition to differentiating hair cells, Eya1 is expressed in epithelial cells that normally give rise to inner sulcus in the cochlea, which coincides precisely with the region where overexpression of Atoh1 converted those cells to hair cells in postnatal rat inner ear (47) . It will be important to gain a molecular insight into the regulation of Atoh1 by Eya1 and Sox2.
Differential sensitivity to Eya1 gene dosage
One intriguing observation from our studies was that the six sensory regions were differentially affected by altered Eya1 , no expression in Eya1 2/2 embryos, respectively. Arrowhead points to the expression in the neurogenic domain, and arrow points to the expression in the medial region. There is no endolymphatic duct outgrowth in Eya1 2/2 embryos (8). Scale bars: 100 mm.
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gene dosage. The most obvious change was cochlear agenesis in Eya1 bor/2 animals as the Eya1 dosage decreased from 40 -21%, whereas a very small number of hair cells differentiated in the maculae and the cristae. In Eya1 bor/bor animals, the numbers of hair cells and the sensory epithelia were largely reduced in the maculae and cristae, whereas hair cell differentiation patterns varied on the basis of their apical or basal location of the cochlea. Therefore, different thresholds for Eya1 action could be part of the mechanism by which Eya1 controls specific sensory cell fate decisions by modulating the expression of distinct downstream genes in different sensory areas. Eya1 may be required at a specific level at the right time to specify a cochlear fate, which requires the activation of a set of genes that are particularly sensitive to the concentration of Eya1. Biophysical interaction between Eya1 and Six1 provides a mechanism for enhancing transcriptional activity, which may amplify gene activity at particular times or locations during inner-ear development. The expression pattern of Otx1, Otx2, Bmp4, Fgf3, Fgf10 and Lfng in Eya1 bor/2 mutants is almost identical to that seen in the Six1 null embryos (7, 8, 12) . Therefore, these genes may represent common downstream targets of Eya1 -Six. It is possible that Eya1 may integrate diverse transcription factors into multiple pathways to regulate distinct downstream targets in different regions of the inner ear, and Sox2 may be the common factor in the sensory region that cooperatively interacts with Eya1. Further expression studies of these genes in their complementary mutant backgrounds should help define the relationship between Sox2 and Eya -Six. How are we to explain the differential effect of the mutation on the basal and apical portions of the cochlea? Why do extra and irregular rows often occur in the apical regions? For example, although the cochlea is largely shortened in Eya1 bor/bor animals, the very basal regions exhibited normal patterning in hair cell formation. However, in the middle and apical regions of the cochlea, the hair cells were often arranged in multiple rows. Similar observation was obtained in Eya1 þ/2 cochleae. Interestingly, SEM revealed that Eya1 þ/2 hair cell stereocilia appeared shorter and disorganized at P7 and adult stages ( Fig. 3; data not shown) . The precipitates were dissolved in SDS sample buffer followed by western blot analysis with anti-Flag or anti-Sox2 antibody, respectively. For p19 cells, only Flag-Eya1F was transfected and cell extracts were prepared. Anti-Flag or anti-Sox2 was used for immunoprecipitation, respectively, and both antibodies were used for western blot. (B) Western blot and co-immunoprecipitation. Cell extracts from 293 cells co-transfected with pcDNA3 vector alone, Flag-Eya1F/ pcDNA3 or each of its missense mutants and Sox2/pcDNA3 were loaded on SDS-PAGE and analyzed by western blotting with anti-Sox2 or anti-Flag antibody for detecting Sox2 or Flag-Eya1. Two amino acid substitutions, E330K and G393S, resulted in smaller products. For co-immunoprecipitation experiments, 40 mg of the same nuclear extracts was incubated with and precipitated by Flag-antibody-coupled agarose beads. The precipitates were dissolved in SDS sample buffer followed by western blot analysis with anti-Sox2 antibody. (C) Effects of the conserved Eya domain missense mutations on the formation of Eya1-Sox2 complexes. The relative amount of wild-type Eya1-Sox2 complex detected by anti-Sox2 antibody after co-immunoprecipitation was 100%. The relative amount of the mutant Eya1 -Sox2 complex was calculated as percentage relative to the amount of wild-type complex. Each sample was normalized by the input amount of Eya1 and Sox2 as detected by western blot shown in (B). An average result of two similar independent experiments is shown. Error bar represents standard deviation.
In addition, patches of outer hair cells were frequently missing in the middle towards apical regions of Eya1 þ/2 cochleae at these stages. One possible interpretation for the multiple rows of inner hair cells observed in the apical regions of Eya1 þ/2 or Eya1 bor/bor mutants is that it is caused by defects in their arrangement due to the shorter cochlea. Recent studies of mouse mutants with defects in planar cell polarity and polarized extension indicated that the organ of Corti is formed from a defined number of postmitotic progenitors through cellular intercalation (known as convergent extension) from the base to the apex in parallel to the basal-to-apical differentiation of hair cells (48 -51) . This explains why multiple rows of hair cells frequently occurred in the apical but not in the basal regions of the cochlea in Eya1 þ/2 or Eya1 bor/bor animals. Interestingly, similar differential effect between basal and apical regions of the cochlea was also observed in Sox2, Jag1, Fgfr1, Neurog1 and Foxg1 mouse mutants (19,39,52 -55) .
Why were the inner and outer hair cells differentially affected by altered Eya1 gene dosage? This may be a result of differential regulation of the development and maintenance between inner and outer hair cells, as suggested by previous Figure 9 . Schematic drawing of Eya1 expression domains in relation to Sox2 and Atoh1 expression in the otocyst and developing cochlea, cristae and maculae and its possible roles in sensory cell development. In the otocyst, Eya1 (red) and Sox2 (green) are co-expressed in the ventromedial wall of the otocyst where the prosensory epithelia are formed. These two genes may act together to specify a common prosensory area in the otocyst at this early stage by turning on other sensory genes including Jag1, Lfng, Bmp4 and Fgfs, and in the absence of Eya1, the other sensory markers are not expressed. In the developing cochlea, at E12.5, the floor of cochlear duct will give rise to the organ of Corti (oc), the inner (is) and outer (os) sulci. Eya1 and Sox2 are co-expressed in the prosenory progenitors of the organ of Corti, and this co-localization suggests that both genes may act together to regulate the cell cycle of the prosensory progenitors. Once the sensory progenitor cells become postmitotic, they express p27Kip1, and at around E13.5-14.5, Atoh1 is activated in the postmitotic progenitors that become committed to hair cell fate and is co-expressed with Eya1 in the differentiating hair cells. However, Sox2 expression becomes restricted to supporting cells and border cells in the GER. Therefore, Eya1 and Sox2 may act together to regulate hair cell commitment by activating Atoh1; however, Eya1 but not Sox2 acts to maintain or upregulate Atoh1 expression and to function together with Atoh1 for hair cell differentiation. Eya1 may act as a competence factor but Atoh1 may act as a differentiation factor. Therefore, Eya1-positive nonsensory cells are competent for hair cell fate, and they will differentiate into hair cells when Atoh1 is ectopically expressed in those cells. This explains why there is a region unique to Eya1 expression, and cells within that region can be converted to hair cells by overexpression of Atoh1 at postnatal stages (47) . Similar function of these genes may be involved in the sensory cell development of the cristae and maculae. It should be noted that Eya1 hypomorphic mutant mice display additional and more severe defects in nonsensory regions than the Sox2 mutants (19) and there is no inner-ear formation in Eya1-null mice (7, 8) . Previous studies suggested that all sensory regions in the inner ear have some influence on nonsensory development through a shared lineage (39,61 -63) . Both Bmp4 and Fgf10, two early genes important for canal crista development, are known to regulate canal development (31, 32, 64, 65) . In contrast, the morphogenesis of the lateral canal depends on the expression of Otx1 (30, 66) and develops even in the absence of the lateral canal crista (55) . Numerous upstream patterning genes influence ear morphogenesis (64, 67) , but it remains unclear how they are linked to the earlier-outlined downstream effectors. Since Fgf10, Bmp4 and Otx genes are downregulated in the Eya1 mutant mice, the morphogenetic defects observed in the Eya1 mutants may directly relate to an epistatic regulation of those genes by Eya1. Nonetheless, our results suggest that it is likely that other unknown downstream targets contribute to the inner-ear defects observed in the Eya1 mutant animals.
Eya1 and haploinsufficiency
There is considerable variation in the type and severity of inner-ear malformations in BOR syndrome, even among individuals with identical EYA1 mutations. The basis for such clinical diversity is unknown. Specific hypotheses to explain the defects associated with altered dosage of transcription factors have been proposed on the basis of the fact that most act as part of protein complexes (68, 69) . It was hypothesized that a narrow window exists, outside of which slight changes in the level of expression of the transcription factors cause an imbalance that leads to a significant impact on target gene transcription levels. As Eya proteins have been shown to act with Six proteins to regulate transcription activation, we believe that transcriptional synergy may be responsible for EYA1 haploinsufficiency in BOR/BO patients. Biophysical interaction between Eya1 and Six1 provides a mechanism for enhancing transcriptional activity, which may amplify gene activity at particular times or locations during inner-ear development. The observation of physical interaction between Eya1 and Sox2 suggests that Sox2 may also be involved in Eya1 transcriptional synergy, and the missense mutations identified in patients are likely to influence the Eya1 -Sox2 complex formation, which in turn affects downstream gene expression and causes disease. The highly variable expressivity in BOR/BO patients can be explained by slightly altered levels of EYA1 expression among different individuals carrying same mutations that may be caused by random environmental events or sequence variations of genetic modifier such as PAX3 (70) . Detailed analyses of the molecular defects and molecular pathways associated with human EYA1-related inner-ear defects have been difficult to assess in patients. Our analyses of an allelic series of Eya1 mutations in the mouse have confirmed a critical relationship between gene dosage of Eya1 and the severity of inner-ear malformation. The severity of hair cell malformation observed in Eya1 þ/2 or Eya1 bor/bor mutants provide the first evidence for the basis of hearing loss occurring in human patients at the level of hair cell function.
MATERIALS AND METHODS
Mice and genotyping
Eya1
þ/2 and Eya1 bor/þ mutant mice in C3HeB/FeJ strain were used for this study. Genotyping for these mice was performed as described previously (7, 21) .
The Eya1 lacZ mutant allele was recently created by replacement of the endogenous start codon as well as the exon 1 with a promoterless Escherichia coli ATG-lacZ-poly(A) cassette and the PGK-neo gene. Mutant mice carrying Eya1 lacZ allele were obtained using gene-targeting technology. A set of lacZ primers were used to detect the mutant allele and a set of primers within the exon 1 of Eya1 gene were used to detect Eya1 wild-type allele.
Semi-quantitative RT -PCR and western blot
Total RNAs were isolated from mouse inner ears at E13.5 of þ/þ, Eya1 bor/þ , Eya1 þ/2 , Eya1 bor/bor , Eya1 bor/2 and Eya1 2/2 embryos using RNAzol B (Biotecx Laboratories). Absence of residual genomic DNA was checked by PCR control reactions using RNA as template. Generation of cDNAs was carried out by RT using 1 mg of DNA-free total RNA as template with Superscript TM reverse transcriptase (Promega). Eya1 mRNA expression was amplified and quantitated by RT -PCR using 5 ml of the RT products and a primer pair specific for and internal to Eya1 (1.3 kb; forward primer 5 0 -GGAAAGTGGATTGTCACAGT-3 0 and reverse primer 5 0 -CAGGTACTCTAATTCCAAGGC-3 0 ). A primer pair specific for mouse b-actin (448 bp; forward primer 5 0 -GCTGTGTTCCCATCCATCGTGG-3 0 and reverse primer 5 0 -GACGCATGATGGCGGTG-TGGCA-3 0 ) was used to amplify the b-actin expression as an internal control for quantitation. Thirty microliter sample of each PCR reaction product was analyzed by 1% agarose gels and visualized and quantified with the VerserDoc system (Fisher). The PCR quantification reactions were performed in duplicate for each of the cDNA preparations. The RT-PCRs were repeated four times and the results were reproducible.
Human Molecular
For western blot, extracts from E13.5 mouse inner ears of þ/þ, Eya1 bor/þ , Eya1 þ/2 , Eya1 bor/bor , Eya1 bor/2 and Eya1 2/2 embryos were prepared according to standard procedures. The protein concentrations of the extracts were determined using a protein assay kit (Bio-Rad), analyzed on 12% SDS -PAGE and transferred to a nitrocellulose membrane. A rabbit anti-Eya1 peptide antibody was used as the primary antibody, and HRP-coupled goat anti-mouse or goat antirabbit antiserum was used as the secondary antibody. An ECL kit (Pierce) was used for detection. Signals were quantified with the VerserDoc system (Fisher).
Paintfilling and SEM
The paintfilling of the ears at E18.5 was performed as described (65) . For SEM, ears from E18.5, P7 and 6-week-old mice were dissected, fixed in 4% PFA, followed by 0.5% OsO 4 , decalcified, dehydrated, critical point dried, mounted on stubs, sputter coated and viewed with a Hitachi SEM (53) .
Immunohistochemistry, X-gal staining and in situ hybridization Embryos were fixed and processed using standard procedures. For immunohistochemistry, primary antibodies were specific for MYO7A (Proteus Biosciences INC), p27KIP1 (BD Biosciences pharmingen), SOX2 (Chemicon), b-galactosidase (Sigma), Jag1 (Santa Cruz) and mouse monoclonal anti-BrdU (Sigma). For whole-mount lectin staining, the ears were dissected out and incubated with a biotinylated lectin (Griffonia simplifonia I, Vector Lab) diluted 1:100. An FITC-labeled avidin secondary reagent was used to visualize the hair cells. X-gal staining was as described previously (12) .
Whole-mount and section in situ hybridization were carried out according to standard procedures with digoxigenin-labeled riboprobes specific for Sox2, Eya1, Otx1 and Lfng and with radioisotope-labeled riboprobes for Otx2 and Bmp4. We used six embryos for each genotype at each stage for each probe, and the staining was consistent in each embryo.
Hair cell counts
Hair cell counts from lectin-stained whole-mounts for cochlea. Hair cell counts were performed on mid-basal regions (300 mm in length) of the lectin-stained cochleae of wild-type, Eya1 bor/þ and Eya1 þ/2 mice. For Eya1 bor/bor mice, hair cell counts were performed on mid-basal (200 mm in length) and mid-apical (100 mm in length) regions, respectively, and cochleae that reached at least three-quarter turn were used for counts. Each genotype contained counts from three or four different embryos. After the capture of high-resolution images of the cochlear, counts and measurements were performed using Nikon elements research imaging software.
Hair cell counts from MYO7A-immunostained sections for utricle and saccule. To quantify the number of hair cells in the utricle and saccule, we cut serial sections at 7 mm through complete inner ears and stained the sections with the hair-cell marker Myosin VIIa. We quantitatively evaluated the entire utricle and saccule for two animals (four ears) at E18. We counted cells in every second section in the microscope and analyzed optical sections through deconvolution microscopy. The numbers were multiplied by two to obtain the final values for each ear.
Cell proliferation
To examine cell proliferation, timed pregnant female mice were injected i.p. three times at 2 h intervals with 5-bromodeoxyuridine (BrdU; Sigma) in PBS at 100 mg/kg and processed as described (12) .
Cell culture, transfection assays, co-immunoprecipitation and western blot Two hundred and ninety-three cells derived from human embryonic kidney fibroblast were cultured in Dulbecco's modified medium supplemented with 10% fetal bovine serum, 100 U penicillin/ml and 100 mg streptomycin/ml at 378C under 6% CO 2 . Transfection was performed using FuGENE TM 6 transfection reagent (Roche) according to the manufacturer's instructions. Forty-eight hours after the transfection, the cells were used for extract preparation.
Cell lysates were prepared from cells co-transfected with a mouse Sox2/pcDNA3 expression plasmid, plus an empty vector, mouse Flag -Eya1 wild-type or mutant plasmid according to Buller et al. (14) . The protein concentrations of the extracts were determined using a protein assay kit (Bio-Rad). Proteins were incubated with Flag-antibodycoupled agarose beads for co-immunoprecipitation analysis as described (14) . Proteins were analyzed on 12% SDS-PAGE and transferred to a nitrocellulose membrane. Anti-Flag or anti-Sox2 was used as the primary antibody and HRP-coupled goat anti-mouse or goat anti-rabbit antiserum was used as secondary antibody. An ECL kit (Pierce) was used for detection.
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